Few layer graphene and graphite are simultaneously grown on a $100 nm thick polycrystalline nickel film. The work function of few layer graphene/Ni is found to be 4.15 eV with a variation of 50 meV by local measurements with Kelvin probe force microscopy. This value is lower than the work function of free standing graphene due to peculiar electronic structure resulting from metal 3d-carbon 2p(p) hybridization. Work function (WF) is one of the basic physical quantities related to the electronic structure and interactions at surfaces and interfaces. The graphene/Ni interface is an interesting system because the lattice match between the (111) facets of Ni and graphene results in a strong hybridization between metal 3d and C 2p(p) states.
Work function (WF) is one of the basic physical quantities related to the electronic structure and interactions at surfaces and interfaces. The graphene/Ni interface is an interesting system because the lattice match between the (111) facets of Ni and graphene results in a strong hybridization between metal 3d and C 2p(p) states. [1] [2] [3] [4] [5] [6] [7] So far, the WF of this system has been evaluated from electronic structure constructions with theoretical models, 3, 4 or with x-ray absorption and x-ray emission spectroscopy, and electron energy loss spectroscopy measurements. [5] [6] [7] The present study aims to measure the WF of this system directly with Kelvin probe force microscopy (KPFM) without the use of any structural models. Moreover, unlike spectroscopy techniques which average over a large area, KPFM can measure spatial distribution of WF over the surface.
Two most common chemical vapor deposition (CVD) processes for graphene growth on metals involve either surface precipitation of carbon from a supersaturated metal/carbon solution or hydrocarbon decomposition on a catalytic surface.
1,2 Both pathways are available on Ni thin films since it has high carbon solubility and catalytically active sites due to surface corrugation. The former typically leads to few layer graphene (FLG) precipitation to the surface, whereas the latter leads to graphite layers taking the volume of metal during grain boundary motion. 8 Two different growth mechanisms are explained in detail in Ref. 8 . Here, we exploit the co-existence of graphite and FLG on the surface, and we perform KPFM to measure WF variations across such a surface. The WF of 3-4 layers of graphene on Ni is found to be 4.15 eV with local variations of 650 meV.
The sample was prepared in a high-vacuum chamber with a base pressure better than 2 Â 10 À8 mbar with the following steps: (1) magnetron sputtering of 100 nm AlN on Si(111) which acts against diffusion of Si into the metal and (2) magnetron sputtering of 100 nm thick Ni film at 0.02 mbar Ar pressure with a coating rate of 20 nm/min. In both steps, water-cooled magnetrons were operated in a pulsed-DC mode with 496 nm pulse width at 50 kHz frequency at a power of 50 W while the samples were kept at room temperature (RT). (3) Sample temperature was ramped up to 840 C within 4 min in high-vacuum and kept for 5 more minutes in 0.06 mbar acetylene (C 2 H 2 ). The temperature was dropped to 790 C when C 2 H 2 was introduced. We should note that the choice of this low temperature is intentional because at 900 C and above, recrystallization of Ni is saturated; meaning that the grain boundary motion necessary for graphite growth will be negligibly small. 8 Temperature measurements of the sample surface were done with a twowavelength pyrometer. Considering the thickness of the Ni film and the classical C solubility of Ni (0.09-0.1 wt. %) 9, 10 at 790 C, 1-2 layers of graphene should grow on the sample surface. Since the segregation at the grain boundaries increases the solubility significantly, 11 and the newer in situ results suggest FLG growth already happens before the cooldown, 12 a higher coverage (3-4 layers) can be anticipated. Chemical analysis with x-ray photoelectron spectroscopy (XPS) was done before and after CVD growth without breaking the vacuum using a VG ESCALAB 210 analyzer and a monochromatic Al Ka source. Survey XPS spectrum consisted of peaks registered to Ni, C (after CVD growth), and O (as surface impurity, less than 2 at. %). Fitting procedure of XPS peaks is discussed elsewhere. 13 As shown in Fig. 1(a) , Ni was found only in the metallic chemical state. CVD grown carbon was found in the graphitic phase ( Fig.  1(b) ). Various microscopy techniques including optical, scanning electron microscopy (SEM), and Raman microspectroscopy were employed after storage in air. The dappled pattern in the SEM micrograph in Fig. 1 (c) (acquired with a Hitachi S-4800 device at 5 keV acceleration voltage) results from the difference in the amount of secondary electrons in the first few atomic layers of the surface which is less for C than for Ni, 14, 15 meaning that the darker areas are graphite and brighter areas are FLG covered Ni. Using the atomic concentrations from the XPS analysis (22 at. % Ni and 78 at. % C) and assuming graphite attenuates all photoelectrons from underlying Ni, the solution of the thickogram equation yields 1.1 nm of carbon, 16 equivalent to 3-4 layers of graphene covering the bright areas in Fig. 1(c) .
Raman spectroscopy measurements were performed with a WITec alpha 300 confocal Raman microscope, equipped with a 532 nm wavelength laser with 2.1 mW laser a)
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À1 represents the optical E 2g phonons at the center of the Brillouin zone. Fig. 2(a) shows the Raman microspectroscopy of all these 3 peaks, which exhibits the material contrast shown in Fig. 1(c) . A similar material contract can also be observed in the optical microscopy image in Fig. 2(b) . Fig. 2(c) is an example of what an individual spectrum looks like on graphite/Ni and FLG/Ni zones. Similar to previous works on FLG on Ni films, we also observe the 2D band shifted to 2715 cm À1 , a higher wavenumber with respect to graphene. 20 KPFM measurements were performed with a customdesigned atomic force microscope operated at RT in ultra-high vacuum (UHV, 5 Â 10 À10 mbar). To minimize the unintentional doping from air contaminants such as water, samples were annealed at 250 C for 1 h at UHV prior to KPFM measurements. 21 Commercially available Pt/Ir coated silicon cantilevers (Nanosensors PPP-NCLPt) were used as force sensors. The fundamental cantilever resonance frequency (f 1 st $ 160 kHz) was excited to obtain topographical information, whereas the second flexural cantilever resonance (f 2 nd $ 990 kHz) was used for the contact potential difference (CPD) detection in the non-contact regime. 22, 23 Nanonis Dual-OC4 was used as a digital phaselocked loop circuit for f 1 st shift demodulation and as a lock-in amplifier for detecting the cantilever oscillation at f 2 nd . The amplitude of f 2 nd is minimized by adjusting the DC bias applied on the sample (i.e., brighter areas in CPD correspond to areas with higher WF), which is equal to the CPD between the tip and the sample.
Figs. 3(a) and 3(b) show the surface topography and CPD of the sample, respectively. The CPD image has the same dappled structure as images obtained by SEM (Fig.  1(c) ). The brighter CPD contrast regions can be correlated to the graphite regions. Under the assumption that the tip remains unchanged with a nominal WF of 4.28 eV for Pt/Ir coated cantilever with an absolute error of 70 meV, 24 graphite's WF can be estimated to be around 4.35 eV, which is similar to the values given in literature. 3, 25 However, as can 2 final states. 2p 3/2 at 852.6 and 858.6 eV, both with spin-orbit splitting of þ16.9 eV. 17 (b) C 1s region of the XPS spectrum after CVD growth shown together with a reference HOPG sample. Only the graphitic carbon peak at 284.2 eV and the shake-up peak at þ6.5 eV (not shown) are present. 18 (c) SEM micrograph of the surface after CVD growth. also be seen in the CPD image, the WF is not homogeneous in the graphite areas and varies locally, therefore giving absolute values with error bars for such systems is questionable. This is especially true for averaged values acquired by photoelectron based techniques on such systems. The histogram of the CPD image in Fig. 3(c) clearly shows two peaks which can be correlated with the two distinct areas. The width ($50 meV) of the two peaks gives an estimation of the WF variations, which have to be added to the absolute error made by the calibration of the Pt/Ir tip. Since undoped graphene and the metal substrate have different WF's, electrons will be transferred from one to another to equilibrate the Fermi levels as soon as graphene is physisorbed on a metal surface. This interaction will change the surface dipole moment of the metal surface, denoted by a potential step, DV. The work function measured from the vacuum will be equal to WF metal 6 DV, which is also equal to WF graphene 6 DE f . Here, DE f denotes the change in graphene's WF upon adsorption on the surface, negative meaning electrons are donated by the metal substrate to graphene which becomes n-type. This is, however, a naive picture for graphene on Ni, where the interface distances are small. At such small equilibrium separations, an overlap of the wave functions of the metal d-electrons and graphene p-electrons, i.e., orbital hybridization, occurs. Hybridized states exist in a certain energy range of the metal d-states and they push p*-states to higher energies through repulsive energy level interactions, opening a p-gap with randomly distributed gap states. 4 Such strong interactions (chemisorption) were claimed to reduce the work function of Ni from 5.5 eV to 3.9 eV, 3, 25 which is significantly lower than graphite. Since a Dirac point exists starting from the second graphene layer, 7 DE f can be defined as the difference between the Fermi level and the Dirac point; 7 thus the following relation holds from the second layer upwards: Dirac point > Fermi level > vacuum level. The WF of graphite will eventually be reached as the number of graphene layers increases. 26 In summary, the CPD contrast in Fig. 3(b) is a direct measurement of WF difference between graphite and FLG adsorbed on Ni. This leads to the conclusion that the WF of FLG/Ni is around 4.15 with a variation of 50 meV. KPFM is a very powerful technique for local WF estimations. In this letter, we used this technique to provide a strong firsthand evidence that the WF of FLG/Ni is lower than the WF of Ni, of graphite and even of free standing graphene. Such peculiar property could be harvested in applications that demand low WF's such as thermionic emitters or transistor contacts for n-type semiconductors. 
